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A simulation approach to assessing environmental risk of 
sound exposure to marine mammals
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1  | INTRODUCTION
A	 series	 of	 high-	profile	 strandings	 of	 beaked	whales	 following	 naval	













We	 developed	 a	 simulation	 framework,	 which	 we	 have	 called	
“SAFESIMM”	 (Statistical	 Algorithms	 For	 Estimating	 the	 Sonar	
































A	 useful	 description	 of	 a	 quantitative	 risk	 assessment	was	 pro-
vided	by	Zacharias	and	Gregr	 (2005).	The	authors	partition	risk	 into	
two	components:	sensitivity,	which	is	the	degree	to	which	organisms	
respond	 to	 a	 stressor	 (i.e.,	 deviations	 in	 environmental	 conditions	
beyond	the	expected	range);	and	vulnerability,	which	is	the	probability	
that	 an	organism	will	 be	 exposed	 to	 a	 stressor	 to	which	 it	 is	 sensi-
tive.	 For	 our	 purposes,	 a	marine	mammal’s	 sensitivity	 to	 sound	 has	
to	do	with	features	of	the	sound	exposure	(e.g.,	received	level	in	dif-
ferent	 frequency	bands	and	duration)	and	 the	biology	of	 the	animal	
(e.g.,	the	species’	dose–response	curve,	its	hearing	ability	(audiogram),	
the	ecological	context	in	which	the	stressor	occurs	(Ellison,	Southall,	
Clark,	&	Frankel,	 2011;	Williams,	 Lusseau,	&	Hammond,	 2006),	 and	




are	 determined	 by	 propagation	models	 that	 predict	 received	 sound	
levels,	depending	on	source	levels,	peak	frequencies	and	bathymetry,	
and	each	individual’s	response	to	the	received	sound	levels.
Industrial	 developments	 that	 generate	 high-	amplitude	 noise	within	
important	marine	mammal	habitats	generally	have	to	comply	with	country-	
























assessment	partitioned	and	considered	 separately	by	experts	 in	 the	
fields	of	statistical	and	acoustic	modeling,	marine	biology,	physiology,	
marine	spatial	planning,	and	quantitative	risk	assessment	 (Harwood,	
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As	 a	 result	 of	 the	 current	 compartmentalization	 of	 specialties	
involved	in	assessing	the	risk	to	marine	organisms	from	anthropogenic	
noise,	it	would	be	easy	for	regulators	to	miss,	or	misunderstand,	some	
of	 the	 assumptions	 that	 must	 be	 made	 during	 these	 assessments.	
The	offshore	 renewables	 industry,	with	 its	associated	noise	produc-
tion	 from	 pile-	driving	 activities,	 is	 large	 and	 growing	 (Gill,	 2005),	








sonar	 use	 on	 marine	 mammals,	 and	 as	 such,	 the	 methodology	 has	
been	scrutinized	by	the	naval	community	(Mollett	et	al.,	2009).	More	
recently,	 SAFESIMM	 has	 been	 used	 to	 assess	 the	 potential	 effects	









in	 the	 production	 of	marine	mammal	 impact	 assessments	 (MMIAs),	
it	 is	 important	 to	explore	 the	 consequences	of	different	parameter-
izations	and	model	 assumptions.	This	will	 allow	 regulators	 to	better	
	understand	the	basis	for	the	MMIAs	and	have	more	confidence	in	their	
own		permitting	decisions.	For	illustrative	purposes,	we	use	PTS	as	the	











2002)	 used	 within	 SAFESIMM	 and	 describe	 the	 individual	 compo-
nents	of	the	framework.	We	then	describe	a	set	of	scenarios	that	were	
used	 to	 test	 the	 sensitivity	 of	 the	 predictions	made	 by	 SAFESIMM	
to	 key	 assumptions.	The	modular	 structure	 of	 SAFESIMM	 is	 shown	
in	Figure	1,	and	the	inputs	required	by	each	module	are	described	in	
Table 1.
The	 movement	 of	 thousands	 of	 agents	 representing	 dozens	
of	 species	 is	 tracked	 through	 time	 within	 each	 simulation,	 and	
received	 sound	 levels	 (RLs)	 for	 each	 agent	 are	 recorded	 at	 each	
time	step	by	reference	to	the	input	sound	field.	These	RLs	are	then	
weighted	 to	 account	 for	 the	 hearing	 sensitivities	 of	 the	 different	
species	at	the	relevant	frequency,	and	the	resulting	sound	exposure	
is	 accumulated	over	 time.	These	accumulated,	weighted	SELs	 are	













ation	 (CV).	 The	density	data	used	 in	 the	 scenarios	described	below	






2.2 | Horizontal and vertical movement
SAFESIMM	models	the	“natural”	movement	of	agents	in	both	horizon-
tal	 and	vertical	planes,	 and	 their	 responses	 to	acoustic	disturbance.	




of	 as	parameters	 governing	a	directed	 random	walk	 that	 is	 used	 to	
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TABLE  1 The	modules	of	SAFESIMM	as	they	contribute	to	describing	the	vulnerability	and	sensitivity	of	marine	mammals	to	sound	
exposure,	and	the	required	inputs	for	the	modules





























• Large numbers of random 
placements, with reference to 
density maps  if available
Horizontal Movement
• Random walk from circular 
distributions
• Directed/correlated via, e.g., 
mean and variance of wrapped 
Normal distribution
• Stochastic speeds: parameters 
from literature
Vertical Movement
• Functions of speed, random 
depth/duration and bathymetry
• Parameters from literature
• “V” or “bathtub” shapes result
Auditory Weighting
• Adjust for frequency
sensitivities, e.g., Audiogram or 
M-weighting adjustments
Accumulation of sound
• Sound Exposure Levels (SELs) 
accumulated through time
Movement Modification
• Potential responsive movement via 
circular distributions and/or alteration of 
diving
Probability of Effect
• Dose–response curves relating 
SEL to effects, e.g., TTS/PTS, 
behaviour
• Parameterization from literature
Sound Exposure
• Propagation loss modeling 
appropriate for source through time
• Parameterised e.g., source location, 
frequencies, duty cycle, strength.
Iterate through time if required
Total number affected
• Scale effects to local population 
sizes if known
• Uncertainties propagated 
throughout simulations –
reflected in final estimates
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Bathymetric	data	for	the	area	of	interest	are	also	required,	so	that	
























cies),	 referred	 to	 hereafter	 as	 an	 A-	weighting	 (“A”	 for	 audiogram);	
and	one	derived	from	the	M-	weightings	developed	by	Southall	et	al.	
(2007).	To	determine	these	weighting,	Southall	et	al.	(2007)	classified	





the	genus	Cephalorhynchus),	 pinnipeds	 (seals	 and	 sea	 lions)	 in	water,	





mined	 using	 a	 simple	 threshold,	 or	 a	 dose–response	 relationship.	
Southall	 et	al.	 (2007)	 recommend	 different	 thresholds	 for	 perma-
















































Three	 sets	 of	 scenarios	 were	 considered,	 in	 which	 agents	 were	
exposed	 to	 a	 modeled	 sound	 field	 based	 on	 a	 1-	kHz	 nonpulsed	







1 6 12 24 48 96 168 240
Gray	seal A 166 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
M 203 0.14 2.55 5.58 7.55 9.75 11.28 12.28 13.78
Harbor	porpoise A 175 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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simulations	were	 based	 on	 10,000	 agents,	 15	 log(R)	 propagation	
loss	models,	and	a	uniform	50-	m	bathymetry.	Species’	distributions,	
speeds,	 and	 diving	 characteristics	 were	 from	 sources	 described	
previously.
1. Auditory weighting.	We	calculated	SELs	 for	gray	 seals	and	harbor	
porpoises	 using	 both	 A-	 and	 M-weighting.	 At	 this	 frequency,	




random	walk	 (in	 the	 statistical	 sense)	 away	 from	 the	 source.	A	
wrapped	normal	distribution	was	chosen	for	computational	speed	
(Agostinelli,	2012;	Jammalamadaka	&	Sengupta,	2001).	Two	pa-
rameters	 (mean	 and	 variance)	 governed	 directionality	 and	 dic-
tated	 how	 similar	 sequential	 random	 draws	 would	 be.	 A	 high	
variance	results	 in	movement	that	 is	erratic:	effectively	a	direc-
tionless	 random	walk.	As	 the	 variance	 is	 decreased,	movement	





3. Constrained movement.	 In	 these	 simulations,	we	 compared	 situa-
tions	 in	 which	 the	 movement	 of	 agents	 was	 effectively	 uncon-
strained	for	up	to	10	days,	with	those	 in	which	there	was	a	hard	





The	 number	 of	 agents	 that	 might	 experience	 PTS	 was	 calculated	
using	different	threshold	values	for	the	M-	and	A-	weighting	schemes.	
We	 used	 the	 threshold	 recommended	 by	 Southall	 et	al.	 (2007)	
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threshold	proposed	by	Heathershaw,	Ward,	and	David	(2001)	with	
the	 A-	weighting	 scheme—the	 threshold	 being	 95	dB	 above	 the	
threshold	of	hearing.
The	choice	of	weighting	scheme,	even	 in	combination	with	 its	
associated	 threshold,	 had	 a	 marked	 effect	 on	 the	 proportion	 of	
the	 simulated	 population	 estimated	 to	 experience	 PTS	 (Figure	2	
and	 Table	2).	 Regardless	 of	 the	 period	 over	 which	 agents	 were	
exposed	to	noise,	there	were	large	(tens	of	dB)	differences	for	both	
species	between	 the	estimates	of	SEL	made	using	 the	 two	differ-
ent	weightings	 (Figure	3).	 Although	 different	 thresholds	 for	 PTS	
are	associated	with	these	weightings,	they	do	not	make	these	weight-
ing	schemes	equivalent,	as	measured	by	the	proportion	of	the	pop-














sound.	After	1	day	of	exposure,	 the	average	difference	 in	 the	SEL	




The	effect	of	a	physical	 constraint	on	SEL	was	 less	 than	 the	simple	
effect	of	weighting	scheme	or	directed	movement	 (2	dB	more	after	
1	day	of	exposure	and	5	dB	more	after	10	days),	as	seen	when	agents	
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4  | DISCUSSION
SAFESIMM	 was	 used	 to	 investigate	 the	 probability	 that	 individu-
als	of	 two	marine	mammal	 species	will	 experience	a	physical	 effect	
(PTS)	under	a	range	of	different	scenarios	and	to	illustrate	the	level	of	
uncertainty	associated	with	these	predictions.
Simulation	 frameworks	 offer	 a	 powerful	way	 to	 explore,	 under-
stand,	and	estimate	effects	of	cumulative	sound	exposure	on	marine	
mammals.	However,	 important	 but	 subjective	 assumptions	 that	 can	
dramatically	 alter	 their	 predictions	may	 be	 hidden	within	 them.	 For	
example,	 they	may,	 as	 illustrated	 here,	 be	 underpinned	 by	 different	
auditory	weighting	functions.	These	different	assumptions	may	result	
in	 different	 recommendations	 being	 made	 to	 managers	 about	 the	
sound	exposure	 levels	that	will	exceed	allowable	harm	limits;	 in	this	
example,	 the	proportion	of	 the	 local	 population	estimated	 to	 expe-
rience	PTS.	This	difference	is	largely	a	consequence	of	the	combina-
tion	of	the	weighting	scheme	and	injury	thresholds/functions	that	are	
applied;	 although	more	 subtly,	 response	 to	 sound	 is	 also	a	 function	
of	SELs.	However,	while	there	 is	an	unambiguous	pairing	of	weight-





Our	 results	also	highlight	 that	 the	sensitivity	of	 results	 to	certain	
assumptions	depends	on	the	timescale	over	which	animals	are	exposed	
to	anthropogenic	noise.	A	great	deal	of	effort	has,	and	can	be,	expended	









Predictions	 for	 longer-	term	 scenarios	 are	 more	 dependent	 on	
the	 assumed	 movement	 models,	 and	 any	 boundaries	 imposed	 on	
that	movement.	These	could	either	be	hard	boundaries,	such	as	land,	
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individuals	have	a	strong	preference	to	stay	within	a	restricted	area.	
We	 approximated	 this	 kind	 of	 site	 fidelity	 by	 limiting	 the	 distance	
animals	 could	 move	 away	 from	 the	 source.	 In	 the	 long	 term,	 an	
animal’s	 acceptance	 of	 sound	 exposure	 and	 its	 decision	 to	 remain	
within	 a	 preferred	 environment	will	 affect	 its	 cumulative	 exposure	
levels.	However,	there	 is	 little	 information	on	how	animals	respond	
in	 the	 longer	 term	 to	 sound	 exposure	 (Morton	&	 Symonds,	 2002;	
Thompson	 et	al.,	 2013).	 For	 example,	 in	 general,	we	 do	 not	 know	
whether	 they	 leave	 an	 area	where	 they	 are	 exposed	 to	 noise	 and	
never	 return,	 if	 they	 return	within	 some	 period	 of	 time,	 or	 if	 they	
remain	 in	 the	 vicinity	 of	 the	 noise	 source,	 despite	 disturbance.	 In	
reality,	these	responses	are	likely	to	be	context	specific.	Given	these	
uncertainties,	we	need	 to	be	 aware	of	 the	 sensitivity	of	 long-	term	
simulations	to	the	assumptions	that	underpin	the	treatment	of	move-









short-	term,	acute	 impacts	of	military	 sonar	on	acoustically	 sensitive	
marine	mammals.	However,	long-	term	data	are	needed	to	assess	and	
mitigate	 the	 impacts	 of	 offshore	 renewable	 energy	 construction	 on	
marine	mammals.	This	 is	a	 relatively	new	 industry	and,	 to	date,	 suf-









parency	 about	 the	 assumptions	 that	 are	 embedded	 in	 these	 frame-
works	is	required.	This	serves	as	an	important	reminder	that	managers	
and	 policymakers	 are	 obliged	 to	 understand	 these	 assumptions	 and	
make	decisions	about	how	much	risk	they	are	willing	to	tolerate.
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